Introduction
============

Renal cell carcinoma (RCC) is the most common type of kidney cancer in adults ([@b1-ol-0-0-11436]). Patients are generally asymptomatic chiefly at the initial phases. Specific early markers have not been identified, resulting in a late diagnosis, frequently even when metastasis is already present ([@b1-ol-0-0-11436],[@b2-ol-0-0-11436]), and there are different histological subtypes with distinct responses to therapies ([@b3-ol-0-0-11436]). All of the above lead to high mortality rates ([@b1-ol-0-0-11436]). Hence, an experimental model would be a valuable tool to study this disease and particularly to understand the molecular mechanisms involved in the early stages of renal carcinogenic process, which is almost impossible to achieve in patients. The authors\' group has demonstrated that *N*-diethylnitrosamine (DEN)-initiated and ferric nitrilotriacetate (FeNTA)-promoted renal tumors histologically correspond to clear cell RCC (ccRCC), the most common subtype occurring in patients ([@b4-ol-0-0-11436]) and that the exposure to FeNTA during either one or two months, causes distinct pre-neoplastic lesions and pro-carcinogenic molecular alterations, representing these times of exposure, differential early stages of renal carcinogenesis ([@b5-ol-0-0-11436],[@b6-ol-0-0-11436]).

Nuclear factor kappa B (NF-κB) is a collective term to refer to the family of dimeric Rel transcription factors, which consists of five proteins: p65 (Rel A), c-Rel, RelB, NFκB1 (p105/p50) and NFκB2 (p100/p52) ([@b7-ol-0-0-11436]), being considered p65/p50 the most classic dimer, where p65 is the subunit responsible for the transactivation of its target genes ([@b8-ol-0-0-11436]). In most cells, NF-κB is retained in the cytoplasm by its inhibitory protein, IκB ([@b7-ol-0-0-11436],[@b8-ol-0-0-11436]), which blocks the factor\'s nuclear localization signal. IκB separation, therefore, allows NF-κB nuclear translocation and its consequent binding to κB sites in DNA. Additionally, NF-κB\'s activity is controlled in the nucleus by IκB as well, where it induces the factor\'s liberation from chromatin and its export to the cytoplasm ([@b9-ol-0-0-11436],[@b10-ol-0-0-11436]). The expression of numerous genes related to various events such as cell proliferation, inflammation and inhibition of apoptosis, is under the influence of this transcription factor ([@b7-ol-0-0-11436]), its deregulation being associated with almost all types of cancer ([@b11-ol-0-0-11436],[@b12-ol-0-0-11436]). Particularly, different authors have reported an NF-κB overexpression in RCC tumors and cell lines ([@b12-ol-0-0-11436]--[@b15-ol-0-0-11436]), and in certain publications this overexpression has been correlated to tumor grade, invasion and metastasis, proposing the factor as a target for RCC treatment ([@b2-ol-0-0-11436],[@b3-ol-0-0-11436],[@b14-ol-0-0-11436],[@b16-ol-0-0-11436]). In fact, apoptosis-induction and/or growth-repression of different RCC cell lines have been demonstrated by using a specific inhibitor of NF-κB activation (Bay-11-7085) or by blocking tyrosine kinases involved in NF-κB activation signaling ([@b17-ol-0-0-11436],[@b18-ol-0-0-11436]). The p65 subunit was studied in all the aforementioned reports apart from Meteoglu *et al* ([@b12-ol-0-0-11436]) who analyzed the p50 subunit. Furthermore, Ng *et al* ([@b19-ol-0-0-11436]) reported a decrease in the levels of p50, p52 and c-Rel, as well as the absence of RelB, but an increase in p65 expression in human RCC tumors.

On the other hand, the epidermal growth factor receptor (EGFR) gene is a known target of NF-κB ([@b20-ol-0-0-11436]). The EGFR is a transmembrane protein of the ErbB tyrosine kinases family ([@b21-ol-0-0-11436]) and when it is activated, multiple signaling pathways are induced, thus modulating pleiotropic cell responses, such as proliferation, migration and apoptosis ([@b21-ol-0-0-11436]). In the kidney, this receptor participates in renal hemodynamics, electrolyte management, magnesium reabsorption, phosphate transport regulation and proximal tubule gluconeogenesis, as well as in renal reparation after ischemia-induced damage ([@b22-ol-0-0-11436]). However, dysregulation of EGFR has been associated with progressive fibrotic renal damage, polycystic renal disease and RCC ([@b22-ol-0-0-11436]). In this last case, previous studies have reported EGFR overexpression, but the clinical significance of this increase and its subcellular localization are still controversial ([@b23-ol-0-0-11436]--[@b28-ol-0-0-11436]).

Therefore, in the present study, the behavior of NF-κB (p65), IκBα and EGFR was analyzed in renal tumors and at different early stages of FeNTA-induced carcinogenesis, to establish the equivalence between experimental and human neoplasms in this regard and to investigate the probable participation of these molecules in RCC development.

Materials and methods
=====================

### Reagents and antibodies

All reagents were purchased from Sigma-Aldrich Merck KGaA unless otherwise indicated. Primary antibodies against IκBα (cat. no. sc-371), NF-κB p65 (cat. no. sc-8008), EGFR (cat. no. sc-03-G), α-tubulin (cat. no. sc-5286), GAPDH (cat. no. sc-48167), β-actin (cat. no. sc-1616) and histone H3 (cat. no. sc-10809) used for western blotting (WB), immunohistochemistry (IHC), and the supershift test of the electrophoretic mobility shift assay (EMSA), as well as the secondary antibodies (anti-mouse and anti-rabbit, cat. nos. sc-2005 and sc-2004, respectively) used for WB were purchased from Santa Cruz Biotechnology, Inc., while the anti-IgG secondary antibodies coupled with biotin (ABC kit Vectastain^®^; cat. nos. PK-6101 and PK 6102) and the peroxidase substrate kit DAB (cat. no. SK-4100) used for IHC were purchased from Vector Laboratories, Inc.

### Carcinogen preparation

FeNTA solution was prepared as previously described ([@b6-ol-0-0-11436]).

### Experimental protocol

All experiments involving animals were performed according to the Mexican Official Norm NOM-062-ZOO-1999 and approved by the Institutional Committee for the Use and Care of Laboratory Animals (FQ/CICUAL/081/14). Experimental protocols were carried out as previously described ([@b6-ol-0-0-11436]) adapted from other authors\' studies ([@b29-ol-0-0-11436]--[@b31-ol-0-0-11436]). Briefly, 67 male Wistar rats aged between 31 and 36 days and weighing 70--80 g were housed in a controlled temperature environment (21--23°C) with 55--62% humidity and under 12 h light/dark cycles. Rats had free access to food and water and were randomly distributed in two groups: 18 animals treated with a vehicle were used as the control group (C) and 49 animals treated with a single intraperitoneal (i.p.) administration of *N*-DEN (200 mg~DEN~/kg~bw~) and weekly increasing i.p. doses of FeNTA (3--9 mg~Fe~/kg~bw~) twice a week, maintaining the 9 mg~Fe~/kg~bw~ dose from the 4th to the 16th week in the carcinogenesis group (DF). To analyze early stages of carcinogenesis, 10 rats were decapitated after one month and 10 more after two months of FeNTA-exposure for DF group as well as 6 animals for the corresponding C group for each time of study. Euthanasia was executed, in both cases, 48 h after the last injection of the carcinogen to avoid its acute effects and without anesthesia as the anesthetic may interfere in different manners with the chemistry of renal tissue and other tissues of interest, such as liver and brain, as well as blood samples. In the present study specifically kidneys, liver and lungs were used. Organs were removed immediately after sacrifice. The renal cortex was carefully dissected and all tissues were immediately frozen in liquid nitrogen storing them at −70°C until use. For the carcinogenesis protocol, the remaining animals were euthanized two months after the final FeNTA exposure, some of them by decapitation as described above to obtain tumor samples for reverse transcription (RT)-PCR assays, while others were anesthetized i.p. with sodium pentobarbital (50 mg/kg~bw~) and the kidneys were perfused with pH 7.4 Krebs-Ringer solution with 250 mM ethylendiaminetetraacetic acid (EDTA), formalin-fixed at room temperature for 24 h and prepared for IHC following standard protocols ([@b32-ol-0-0-11436]). Animal welfare was carefully monitored during the experimental protocol, twice a week during the first 3 months and 4 times a week during the last three months. Euthanasia was executed by carbon dioxide inhalation when rats showed signs of health deterioration such as loosing 20% of weight, or exhibiting prostration, mobility impairment and/or difficulty eating, urinating or defecating.

### IHC

Sections (5-µm thick; rotation micrometer, Leica^®^; Leica Microsystems GmbH) from formalin-fixed paraffin-embedded kidney tissue specimens were placed on slides, deparaffinized with xylene and rehydrated with decreasing concentrations of ethanol (100, 96, 80, 70 and 50%) for 3 min each. The antigen was retrieved by heating at 100°C for 30 min in 0.01 M sodium citrate buffer (pH 6.0) and subsequently incubated for 30 min with blocking solution (3% H~2~O~2~ in PBS) to suppress the endogenous peroxidase activity. After rinsing with PBS, the slides were incubated in 0.5% Triton X-100 at room temperature for 30 min and non-specific immunoglobulin binding was blocked by incubating sections in 5% albumin IgG free (Jackson ImmunoResearch Laboratories, Inc.) in PBS at room temperature for 30 min. The slides were incubated overnight at 4°C in a humidified chamber with the corresponding primary antibody at a 1:250 dilution, prepared with 3% Triton X-100 in PBS. Then, the unbound primary antibody was removed by washing with PBS and the slides were incubated at room temperature for 2 h with a 1:200 dilution of anti-rabbit or anti-mouse (case dependent) IgG secondary antibody coupled with biotin (ABC kit Vectastain^®^, Vector Laboratories, Inc.). Sections were washed with PBS and incubated for 1 h at room temperature in peroxidase-conjugated avidin-biotin reagent (ABC kit Vectastain^®^, Vector Laboratories, Inc.). The immunoreaction was detected with the DAB kit (Vector Laboratories Inc.) and samples were counterstained with hematoxylin at room temperature for 2 min and dehydrated with increasing concentrations of ethanol (50, 70, 80, 96 and 100%), and solutions of 1:1 ethanol-xylene and 100% xylene for 3 min each. Finally, four random fields of each sample were analyzed utilizing a Nikon E600 light microscope; the staining intensity (mean grey value) of immunopositive cells was evaluated with the ImageJ software version 1.44p (National Institutes of Health) ([@b33-ol-0-0-11436]), which converts the grey level to a numerical value using a scale from 0 (white) to 255 (black), as described previously ([@b32-ol-0-0-11436]).

### mRNA extraction and RT-PCR

Semi-quantitative mRNA analysis was achieved by RT-PCR. Total RNA was extracted with the Direct-zol™ RNA MiniPrep kit according to the manufacturer\'s protocol (cat. no. R2052, Zymo Research). RNA concentrations were determined spectrophotometrically at 260 nm. RT-PCR was carried out starting with 1 µg of total RNA following manufacturer\'s protocol with the RevertAid First Strand cDNA Synthesis kit (cat. no. K1622; Thermo Fisher Scientific, Inc.). The thermocycling conditions for cDNA synthesis and amplification were: 1 cycle 55°C (30 min), 94°C (2 min), 94°C (30 sec); 10 cycles 94°C (30 sec), 60°C (30 sec), 72°C (30 sec); 20 cycles 94°C (30 sec), 60°C (30 sec), 72°C (5--30 sec with five seconds increases per cycle); 1 cycle 94°C (30 sec), 60°C (30 sec) and 72°C (7 min). GAPDH was used as control. The oligonucleotide sequences used were: ([@b1-ol-0-0-11436]) for EGFR, 5′-ACAGAGGACAACATAGATGAC-3′ (forward) and 5′-CTGGGCAGTGTTGAGATAC-3′ (reverse) ([@b34-ol-0-0-11436]); and ([@b2-ol-0-0-11436]) for GAPDH, 5′-GGCTGAGAATGGGAAGCTGGTCAT-3′ (forward) and 5′-CAGCCTTCTCCATGGTGGTGAAGA-3′ (reverse) ([@b35-ol-0-0-11436]). Amplified fragments were analyzed on a 2% agarose gel stained with ethidium bromide at room temperature for 30 min and visualized with ultraviolet light (Benchtop 2UV™ Transilluminator UVP). Bands were quantified by densitometry analysis as described below.

### Tissue homogenates and western blot analysis

A total of 150 mg of renal cortex tissue were homogenized (PT10/35GT homogenizer Polytron^®^; Kinematica AG), in cold lysis buffer (1 mM DTT, 10 mM Tris-HCl, 1 mM EDTA, 1 mM sodium orthovanadate, 15 mM sodium azide, 1.0% Triton X-100 and 30% glycerol) supplemented with the commercial protease inhibitor cOmplete™ Mini and phosphatase inhibitor PhosSTOP™ Cocktail tablets (Roche Diagnostics GmbH). After homogenates\' centrifugation (13,000 × g for 30 min at 4°C) (Thermo Fisher Scientific, Inc.; Legend RT+ centrifuge), supernatants were recovered and total protein was quantified by the Bradford method (Bio-Rad Laboratories Inc.). Equal protein amounts (60--80 µg) were electrophoresed in a 10% SDS-PAGE polyacrylamide gel and transferred to an Immobilon^®^ PVDF membrane (EMD Millipore). Membranes were blocked for 1 h at room temperature with 1% nonfat dry milk and incubated with the primary antibodies against p65 (1:250), IκBα (1:250), EGFR (1:250) or α-tubulin (1:1,000) overnight at 4°C. Subsequently, membranes were washed and incubated with the corresponding secondary antibody (1:30,000 for anti-rabbit and anti-mouse). Immunoreactive signal bands were detected using Immobilon™ Western Chemiluminescent HRP Substrate (EMD Millipore) and were recorded on X-ray films and quantified by densitometry, as described below.

### Nuclear protein extraction and EMSA

Nuclear protein extracts were prepared by homogenizing 100 mg kidney cortex (PT10/35GT homogenizer Polytron^®^ Kinematica AG) for 8--20 sec in 800 µl buffer A (10 mM HEPES, pH 7.9, 1.5 mM MgCl~2~, 10 mM KCl, 0.5 mM DTT, 0.5 mM PMSF and a tablet of protease inhibitor cOmplete™ Mini per 10 ml buffer). Homogenates were mixed with 5 µl Nonidet P-40 (NP-40) and incubated at 4°C for 20 min, stirring 10 times at intervals of 2 min. Then samples were centrifuged for 15 min at 1,500 × g at 4°C (Thermo Fisher Scientific, Inc.; Legend RT+ centrifuge) and pellets were resuspended in 100 µl buffer B (20 mM HEPES, pH 7.9, 420 mM NaCl, 25% glycerol, 1.5 mM MgCl~2~, 0.2 mM EDTA, 0.5 mM PMSF, 0.5 mM DTT and a tablet of protease inhibitor cOmplete™ Mini for each 10 ml buffer). After 20 min of incubation at 4°C, mixing by inversion every 2 min, tubes were centrifuged for 10 min at 13,000 × g at 4°C (Thermo Fisher Scientific, Inc.; Legend RT+ centrifuge) and the supernatants containing the nuclear proteins were stored at −20°C until use. EMSA assay and oligonucleotide digoxigenin labeling were carried out using a commercial kit according to manufacturer\'s protocol (DIG Gel Shift kit, 2nd generation, Roche Diagnostics GmbH). Briefly, 60 µg of nuclear proteins were incubated with 2 ng of labeled double-stranded consensus sequence recognized by NF-κB: 5′-AGTTGAGACTTTCCCGGGAGGC-3′ (Santa Cruz Biotechnology, Inc.). DNA-protein complexes were resolved by 5% native polyacrylamide gel electrophoresis with 0.5X TBE (50 mM Tris, 45 mM boric acid and 0.5 mM EDTA) for 120 min at 80 V. Samples were transferred to a positively-charged nylon membrane (Roche Diagnostics GmbH) in 0.5X TBE for 30 min at 300 mA (Trans-Blot^®^ SD Semi-dry Transfer cell, Bio-Rad Laboratories Inc.) and crosslinked for 60 sec (CL-1000 Ultraviolet Crosslinker, UVP). Finally, digoxigenin immunodetection was performed and autoradiographs developed. The specificity of binding and recognition of the shifted-bands\' identity was examined by: i) Assays without sample, ii) assay without labeled oligonucleotide, iii) competition assay with 100-fold molar excess of unlabeled oligonucleotide and iv) supershift assay performed by previously incubating the nuclear extract with the anti-p65 antibody for 15 min at 37°C.

### Cell fractionation

A total of 150 mg of renal cortex were homogenized (PT10/35GT homogenizer Polytron^®^ Kinematica) in Gough buffer (10 mM Tris-HCl, 0.15 M NaCl, 1.5 mM MgCl~2~, 0.65% NP-40, 0.5 mM PMSF and 1 mM DTT) and incubated on ice for 30 min with agitation every 5 min. Homogenates were centrifuged at 13,000 × g for 2 min at 4°C (Thermo Fisher Scientific, Inc.; Legend RT+ centrifuge). Supernatants (cytoplasmic fraction) were recovered and stored at 4°C and pellets were resuspended in 250 µl HEPES buffer (20 mM HEPES, pH 7.9, 25% glycerol, 0.4 M NaCl, 1.5 mM MgCl~2~, 0.2 mM EDTA, 0.5 mM PMSF and 1 mM DTT). After 2 h of incubation at 4°C with constant agitation, samples were centrifuged for 10 min at 12,000 × g at 4°C (Thermo Fisher Scientific, Inc.; Legend RT+ centrifuge) and supernatants (nuclear proteins) were transferred to tubes containing 400 µl buffer D (20 mM HEPES, pH 7.9, 20% glycerol, 50 M KCl, 0.2 M EDTA, 0.5 mM PMSF and 1 mM DTT). Protein concentrations were determined by the Bradford method (Bio-Rad Laboratories Inc.) to load the same amount of protein from the cytoplasmic and nuclear fractions in electrophoresis gels for WB analysis.

### Densitometry and statistical analysis

Densitometry analysis was performed using the ImageJ Software version 1.44p (NIH) ([@b33-ol-0-0-11436]). For WB and RT-PCR, the results from the experimental groups were expressed as relative densitometric units with respect to the control group (RDU/C), calculated by dividing the total densitometric arbitrary units of each band corresponding to the protein of interest, by the value of the band corresponding to the protein used as loading control, obtained from the same sample in the same membrane; and this result, in turn, was divided by the value obtained from the control group. For EMSA, data were calculated by dividing the densitometric units of the shifted oligonucleotide band from problem samples by the mean densitometric value obtained from control samples. Lastly, for WB of cell fractions, results were expressed as the rate obtained by dividing the densitometric value of the band corresponding to the protein of interest by that of the loading control band (RDU).

All data are presented as the mean ± standard error of the mean. Results were analyzed by one-way analysis of variance followed by Tukey post hoc test on [Fig. 1](#f1-ol-0-0-11436){ref-type="fig"} and by unpaired t-test with Welch\'s correction in all other figures. Statistical analysis was performed using GraphPad Prism version 5.0b for Windows (GraphPad Software, Inc.). P≤0.05 was considered to indicate a statistically significant difference.

Results
=======

### p65, IκBα and EGFR in FeNTA-induced renal tumors

Initially, to determine if FeNTA-induced tumors exhibited similar alterations to those reported in human RCC, the behavior of NF-κB (p65), IκBα and EGFR was analyzed in tumor tissue (TT), as well as in adjacent tissue (AT) and non-TT (NTT) from the DF group compared with the renal cortex from the C group. [Fig. 1](#f1-ol-0-0-11436){ref-type="fig"} displays IHC representative images and histograms of the mean immunoreactivity quantification of these three molecules in renal samples from C and DF groups. Unlike renal tissue from C rats, where low NF-κB (p65) presence was detected ([Fig. 1A](#f1-ol-0-0-11436){ref-type="fig"}), a strong positive NF-κB (p65) stain was observed in all kidney areas studied from the DF group ([Fig. 1B-D](#f1-ol-0-0-11436){ref-type="fig"}), i.e. the increase in this protein was similar in TT, AT and NTT. In contrast, the intensity of the IκBα positive stain observed in the C group ([Fig. 1E](#f1-ol-0-0-11436){ref-type="fig"}) decreased in rats exposed to the carcinogen ([Fig. 1F-H](#f1-ol-0-0-11436){ref-type="fig"}). Interestingly, NTT exhibited an IκBα staining intensity that was decreased compared with the C group, but higher than the TT and AT, as well as a more frequent nuclear presence ([Fig. 1H](#f1-ol-0-0-11436){ref-type="fig"}). Concerning EGFR, immunostaining was similar in TT and AT with a heterogeneous behavior, showing different levels of overexpression 63% of the studied samples ([Fig. 1J](#f1-ol-0-0-11436){ref-type="fig"}) as compared with C ([Fig. 1I](#f1-ol-0-0-11436){ref-type="fig"}); while 37% had no changes or even presented a negative stain. However, the mean value of EGFR levels for all analyzed specimens displayed an augment in TT as well as in AT, and it was detected preferentially in the cytoplasm in both areas; although the nuclear presence of this receptor was higher in AT. In NTT, conversely, EGFR levels increased in all samples in the cytoplasm and in the nucleus ([Fig. 1L](#f1-ol-0-0-11436){ref-type="fig"}), like in AT. Moreover, in concordance with protein behavior, the mean EGFR mRNA levels were also significantly enhanced in tumors, despite some samples showing no changes or a decrease (39%) ([Fig. 2](#f2-ol-0-0-11436){ref-type="fig"}).

### p65, IκBα and EGFR at early stages of FeNTA-induced renal carcinogenesis

p65, IκBα and EGFR levels were determined in the kidney cortex from FeNTA-exposed rats during either one or two months, in order to study the probable participation of these molecules in the carcinogenic process. WB representative images and densitometry analysis of all samples examined are displayed on [Fig. 3](#f3-ol-0-0-11436){ref-type="fig"}. Results exhibited no changes in p65 protein levels after either one or two months of FeNTA-exposure ([Fig. 3A](#f3-ol-0-0-11436){ref-type="fig"}). In the case of IκBα ([Fig. 3A](#f3-ol-0-0-11436){ref-type="fig"}), two bands were observed, one being present mainly in the C group with an electrophoretic shift corresponding to a molecular weight of \~32 kDa, while the other one was more intense in DF group, showing a displacement that corresponds to \~34 kDa, which is closer to the molecular weight reported for IκBα in rats, i.e. 35 kDa (Uniprot \#UniRef90_P2596). Due to the above, IκBα results were calculated with the sum of the densitometric units from both bands, finding a statistical augment at both times studied, which was more evident after one month of carcinogen-exposure. On the other hand, EGFR levels were significantly enhanced in the DF group at both times studied ([Fig. 3B](#f3-ol-0-0-11436){ref-type="fig"}) and, although the rise seems to be more intense after one month of FeNTA-exposure, as occurred for IκBα, there was no statistical difference between them.

### NF-κB activity and EGFR mRNA expression at early stages of FeNTA-induced renal carcinogenesis

Given the preceding findings, EMSAs were carried out in nuclear extracts to investigate NF-κB-DNA binding activity ([Fig. 4A](#f4-ol-0-0-11436){ref-type="fig"}). Different tests were performed as technique controls: i) Assays without sample and ii) without labeled-oligonucleotide, where no shifted band was detected (lanes 1 and 2, respectively); iii) a competition assay with a 100-fold molar excess of unlabeled-oligonucleotide, to confirm the identity of the observed band (lane 3); and vi) a supershift assay using the anti-p65 antibody to verify the presence of this protein in the NF-κB complex (lane 4). These two last tests were conducted with the first control sample shown in the two months image and where a notable decrease in the intensity of the corresponding band can be appreciated. When samples were analyzed, a patent rise of NF-κB binding to its consensus sequence was observed after one month of FeNTA-exposure; whereas the factor\'s activity was abated after two months\' exposure revealed by a decrease in the intensity of the band in samples from the DF group compared with that from the C one. EGFR mRNA levels, however, remained significantly heightened at both times studied ([Fig. 4B](#f4-ol-0-0-11436){ref-type="fig"}).

### Subcellular localization of IκBα and EGFR at early stages of FeNTA-induced renal carcinogenesis

Cytoplasmic and nuclear fractions were prepared to investigate the subcellular distribution of IκBα and EGFR by WB ([Fig. 5A](#f5-ol-0-0-11436){ref-type="fig"}). For this specific determination, relative densitometric units were not adjusted to the values of the corresponding C groups, in order to facilitate the assessment of the differences in both cell fractions of the kidney cortex from C and DF treated animals. GAPDH and histone 3 were used as loading controls for cytoplasmic and nuclear extracts, respectively. As it can be seen, IκBα and EGFR were present in the cytoplasm as well as in the nucleus and displayed a statistically significant increase in both cell fractions, which appears to be higher after one month than after two, a behavior that coincides with that observed when total extracts were analyzed ([Fig. 3](#f3-ol-0-0-11436){ref-type="fig"}). However, no changes were detected in the translocation rate of either of these proteins ([Fig. 5B](#f5-ol-0-0-11436){ref-type="fig"}), calculated by dividing the nuclear fraction by the total densitometric units, though a tendency to accretion was observed in the first month. In addition, these results were corroborated by IHC ([Fig. 5C](#f5-ol-0-0-11436){ref-type="fig"}), observing both proteins (IκBα and EGFR) mostly in the cytoplasm but also in the nucleus, especially IκBα.

### p65, IκBα and EGFR in hepatic and lung tissues

Finally, the authors reported in a previous study ([@b6-ol-0-0-11436]) that no primary tumors were developed in liver or lungs using the scheme of FeNTA-exposure followed in the present investigation; thus, in order to determine if the alterations observed in p65, IκBα and EGFR behavior were particularly associated with the kidney, and was not a generalized response, the status of these proteins was determined in hepatic and lung tissues, finding no differences between C and DF groups ([Fig. 6](#f6-ol-0-0-11436){ref-type="fig"}).

Discussion
==========

RCC is the most common urological type of cancer in adults and has a high mortality rate due to several complications, such as a late diagnosis ([@b1-ol-0-0-11436]), which additionally makes it very difficult to study events happening at RCC\'s early phases, this being therefore feasible mostly in experimental models. The research group implemented a FeNTA-induced renal carcinogenesis protocol in rats and all obtained tumors were histopathologically characterized as clear cell subtype of RCC ([@b6-ol-0-0-11436]), the most frequent subtype in patients ([@b1-ol-0-0-11436],[@b4-ol-0-0-11436]), and even different Fuhrman grades were identified. Also, pre-neoplastic lesions as well as different pro-carcinogenic alterations have been found after either one or two months of FeNTA-exposure and, consequently, these times of exposure were established as distinct early stages of the carcinogenesis process ([@b5-ol-0-0-11436],[@b6-ol-0-0-11436]).

The present study found an overexpression of p65 in FeNTA-induced renal tumors, in agreement with previous observations for NF-κB in rat kidney after long term of FeNTA-exposure ([@b36-ol-0-0-11436],[@b37-ol-0-0-11436]) and similar to what happens in patients\' clear cell subtype tumors ([@b14-ol-0-0-11436]--[@b16-ol-0-0-11436],[@b19-ol-0-0-11436]), as well as in some RCC human cell lines ([@b13-ol-0-0-11436]). Moreover, NF-κB activity is principally regulated by its inhibitory protein, IκBα, and a substantial decrease, or even its absence, was observed in the experimental tumors, which is consistent with the findings of Oya *et al* ([@b14-ol-0-0-11436]) in human RCC. Also, it is worth noting that IκBα was less reduced and its nuclear presence was more frequent in NTT compared with TT and AT, suggesting that it must be restraining NF-κB activity in this area, where p65 was found to be increased in the same way as in TT, thus IκBα might be at least one of the mechanisms by which these cells are defended from malignant transformation. For its part, the mean value of EGFR levels in FeNTA-induced tumors exhibited an enhancement compared with renal tissue from C rats, despite some of them presenting no changes or even a decrease, as described in human tumors ([@b23-ol-0-0-11436]). Likewise, EGFR mRNA levels increased in most experimental tumors (61%), suggesting that the augment in the protein is transcriptionally induced and very probably caused, at least in part, by NF-κB, since p65 also augmented. Nevertheless, the clinical significance of the EGFR enhancement is still controversial and seems to be associated to its subcellular distribution ([@b12-ol-0-0-11436],[@b24-ol-0-0-11436],[@b25-ol-0-0-11436],[@b27-ol-0-0-11436],[@b28-ol-0-0-11436]). In this respect, since EGFR was found preferentially in the cytoplasm of the tumor cells, a bad prognosis would be expected according to Kankaya *et al* ([@b25-ol-0-0-11436]), who analyzed ccRCC subtype particularly.

Subsequently, the behavior of these molecules at early stages of renal carcinogenesis was analyzed. After one month of FeNTA-exposure, NF-κB activity was augmented even though p65 levels did not change and IκBα was increased. This could be explained by p65 posttranslational modifications which have been reported to increase the affinity of the transcription factor for its target sequence or to promote its association with some co-activators ([@b38-ol-0-0-11436],[@b39-ol-0-0-11436]) and thus, IκBα might be playing other roles than regulating NF-κB. In this latter case, for instance, some authors have demonstrated that nuclear IκBα forms part of a transcriptional complex that associates with the promoter of different genes such as *hox* ([@b40-ol-0-0-11436]). Products of *hox* genes are a family of transcription factors implicated in renal organogenesis, and a change in their expression has been associated with ccRCC development ([@b41-ol-0-0-11436],[@b42-ol-0-0-11436]). In fact, the present results showed augmented levels of IκBα in the cytoplasm but also in the nucleus and, interestingly, a tendency to increase its nuclear translocation was even noticed in the first month. On the other hand, it has been established that, besides preventing NF-κB translocation into the nucleus, IκBα is able to retain p53 in the cytoplasm, thereby counteracting the tumor-suppressive functions of p53 in other neoplasias ([@b43-ol-0-0-11436]). Nowadays, however, the behavior of HOX proteins and their possible role in the FeNTA-induced renal carcinogenesis are unknown and, to the best of our knowledge, the association between IκBα and p53 has not been investigated in RCC, which represent interesting perspectives for future studies.

It is likewise important to point out that exposure of rats to FeNTA during either one or two months, not only induced a renal increase of IκBα, but a shift in its electrophoretic mobility was detected, suggesting that a modified form of IκBα is accumulating in response to the carcinogen. Moreover, this shifted IκBα band increased more in the first month than at the second one. Phosphorylation of IκBα gives rise to its ubiquitination, a modification that is recognized by the 26S proteasome for the inhibitor\'s degradation. It may therefore indicate that the carcinogen provokes IκBα renal accumulation due to the inhibition of the 26S proteasome, effect that has been demonstrated by Okada *et al* ([@b44-ol-0-0-11436]). IκBα accretion may then be an early alteration that leads to promotion of the pro-carcinogenic mechanisms described above.

After two months of carcinogen exposure, in contrast, renal NF-κB activity decreased and this was consistent with the IκBα rise, suggesting that IκBα is carrying out its classical inhibitory functions on the NF-κB transcription factor at this more advanced early stage of renal carcinogenesis. Hence, the behavior observed at the first month seems to be the primary response to the carcinogen, whereas after two months, this effect is being controlled probably in most renal cells as a defense mechanism against malignant transformation, as was proposed above for NTT. However, as mentioned earlier, a shifted band of IκBα was also observed in WB assays after this time of FeNTA-exposure, so it would be relevant to identify posttranslational modifications possibly present in IκBα at the different stages of the carcinogenic process and to investigate the roles this protein might be playing in each stage. Intensive efforts are been conducted in the author\'s laboratory in this respect. Furthermore, a common therapeutic approach is to prevent the degradation of IκBα, but the true contribution of this protein to cancer pathogenesis is far from being understood ([@b43-ol-0-0-11436]).

Regarding EGFR, protein levels increased similarly after either one or two months of FeNTA exposure, as well as those of its mRNA, indicating a transcriptional regulation. Nevertheless, the increase in the receptor\'s protein levels was notably higher (around 25--30 times vs. C) than that of its mRNA (1.4 times vs. C), hence translational and/or posttranslational events may be involved too. Furthermore, although to a lesser extent, EGFR protein levels also increased more than its mRNA levels in the experimental tumors (2 vs. 1.4 times, respectively). EGFR, for example, may have a greater stability, as a result of a decrease in its degradation. This hypothesis is supported by Zhou *and Yang* ([@b45-ol-0-0-11436]), who demonstrated deficient EGFR degradation in human ccRCC cell lines induced by an accumulation of HIF2α, which suppress rabaptin-5 gene expression, thus delaying EGFR lysosomal degradation, since this protein mediates endosome-lysosome fusion. Results from the author\'s laboratory, soon to be published, also indicate an increase of HIF2α renal levels after two months of FeNTA-exposure as well as in the induced tumors. This mechanism may explain the cytoplasmic localization of EGFR found in the present study too. It is unknown, however, if this mechanism takes place in rats.

In the first month, the increase of EGFR mRNA levels coincided with the rise found in NF-κB activity, suggesting that this transcriptional factor is at least one of the causes of the receptor\'s response. After two months, however, while EGFR mRNA levels were still high, NF-κB\'s activity decreased, so the receptor\'s increment could be a consequence of other factors. For example, HIF2α, which aside from participating in EGFR stabilization as previously discussed, is likewise involved in EGFR gene expression and preliminary results from the authors\' research group suggest an increase in the HIF2α transcription factor after two months\' exposure, but not at the first one, contrary to that observed for NF-κB. Therefore, EGFR mRNA levels accretion may be the response to NF-κB\'s activity after one month of FeNTA-exposure and to HIF2α\'s activity at the second one. Another transcription factor probably involved as well in the noticed EGFR behavior is AP-1, since there are 7 target sequences for it (c-Jun) in the gene promoter of the receptor ([@b46-ol-0-0-11436]) and an increase of AP-1 activity (c-Jun EMSA) at the early stages of FeNTA-induced renal carcinogenesis has been observed (still unpublished results of our group). On the other hand, although EGFR\'s most studied and reported function is as a cell membrane receptor transducing extracellular signals, its nuclear translocation has also been demonstrated, where it acts as a transcription co-factor linked to other proteins including STAT3, STAT5 and E2F1 ([@b47-ol-0-0-11436],[@b48-ol-0-0-11436]), or stimulates DNA repair by associating with the catalytic subunit of DNA-dependent protein kinases when DNA is damaged ([@b49-ol-0-0-11436]--[@b51-ol-0-0-11436]). Therefore, EGFR subcellular location was determined, finding that this receptor is present and increased in the cytoplasm, but also in the nucleus after either one or two months of FeNTA-exposure, while in tumors the vast majority was in the cytoplasm. Hence, at the early stages of carcinogenesis, EGFR may be participating in renal cells\' transformation by stimulating signaling pathways associated with cell proliferation, angiogenesis, invasion and apoptosis inhibition, but also may be playing anti-oncogenic roles such as DNA repair promotion as a protective mechanism against FeNTA-induced oxidative damage ([@b52-ol-0-0-11436]); moreover, EGFR may also be playing these anti-oncogenic roles in the non-transformed renal tissue areas (NTT and AT), where this receptor was observed in the nucleus more frequently compared with tumors. In contrast, in the neoplastic tissue, EGFR could be preferentially participating in tumor maintenance by inducing, for example, angiogenic signaling pathways, as this receptor was preferentially localized in the cytoplasm. Nevertheless, what EGFR is indeed doing at each stage of carcinogenesis should be investigated in future studies.

Finally, whether the alterations in p65, IκBα and EGFR observed in kidney were also present in liver and lungs, as it is known that FeNTA and DEN may cause hepatic and/or pulmonary damage was determined ([@b53-ol-0-0-11436]). Data indicated no alterations in either of these organs, so the behavior observed in p65, IκBα and EGFR is very probably kidney specific. Since the authors previously reported that, using the scheme of FeNTA-exposure followed in the present study, no primary tumors were developed in the liver or lungs ([@b5-ol-0-0-11436],[@b6-ol-0-0-11436]), these observations strongly support the participation of the molecules analyzed in the current study in renal carcinogenesis.

It is worth pointing out that the present results, together with the great similarity with histological and mitogen associated protein kinase\'s behavior previously reported ([@b5-ol-0-0-11436],[@b6-ol-0-0-11436]), reinforce the resemblance between the experimental and human renal carcinoma, and strengthen the usefulness of the experimental model to study this type of cancer, particularly in its early stages, which are almost impossible to analyze in patients.

In conclusion, according to the evidence obtained in the present work, NF-κB, IκBα and EGFR are probably implicated in the carcinogenic process, but these molecules undergo different adjustments as it evolves. In summary, a classical combination of changes was observed in tumors, suggesting that these molecules may be important for maintenance of the malignant phenotype, as has been proposed in human RCC. On the contrary, in the two early stages assessed, distinctive non-conventional combinations of changes and subcellular distributions were observed, suggesting that their behavior could be related to different signaling pathways and therefore to particular effects depending on the phase of the carcinogenic process. Given the similarity of experimental and human neoplasms, this could also happen in human carcinoma development. Therefore, novel insights were provided in the present study to continue searching for mechanisms other than the classic roles of NF-κB, IκBα and EGFR, which may be responsible for the renal cells\' malignant transformation, and then to identify molecular markers that lead to an opportune detection and to develop more effective therapeutic and/or preventive strategies against RCC.
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![Immunohistochemistry of NF-κB (p65), IκBα and EGFR in renal samples obtained at the end of the carcinogenesis protocol. (A-L) Representative kidney cortex photomicrographs of these proteins are displayed from the C group for (A) p65, (E) IκBα and (I) EGFR and DF exposed rats, as well as the corresponding quantification histograms. NF-κB (p65) levels increased (B) TT, (C) AT and (D) NTT in a similar way. IκBα levels were abated in (F) TT, (G) AT and (H) NTT regions in the DF group, although in this case the decrease in NTT was smaller than in TT and AT. For its part, low EGFR expression in C rats was observed, (I) which increased in kidneys from the DF group in the analyzed areas in a comparable manner for (J) TT, (K) AT, and (L) NTT. AT images (C, G and K) include a TT area as reference. Scale bar=100 µm. Magnification, ×400. A total of four random fields per sample were analyzed, n=3 for the C group and 5 for the different areas of DF group. Results are expressed as the mean gray value. Columns represent the mean ± standard error of the mean. \*P≤0.05 vs. C, ^+^P≤0.05 vs. TT and AT. C, control group; DF, N-dietilnitrosamine + ferric nitrilotriacetate treated group; TT, tumor tissues; AT, adjacent tissue; NTT, non-tumor tissue; NF-κB, nuclear factor kappa B; EGFR, epidermal growth factor receptor.](ol-19-04-3153-g00){#f1-ol-0-0-11436}

![EGFR mRNA levels in ferric nitrilotriacetate (FeNTA)-induced tumors. Representative images of ethidium bromide stained agarose gel electrophoresis of EGFR and GAPDH cDNAs obtained by reverse transcription-PCR, as well as a histogram of the densitometry analysis of all samples assayed are shown. The mean value of EGFR mRNA levels showed an increase, but its behavior varied among the tumors analyzed; while some of them exhibited an increase, others presented a reduction or had no changes. Bars represent the mean ± standard error of the mean. n=5 for C group and 14 for tumors. \*P≤0.05 vs. C. RDU, relative densitometric units vs. GAPDH and with respect to the C group; EGFR, epidermal growth factor; C, control.](ol-19-04-3153-g01){#f2-ol-0-0-11436}

![p65, IκBα and EGFR protein levels at early stages of FeNTA-induced renal carcinogenesis. Representative images of western blot assays and histograms are presented. (A) p65 levels did not change in the DF group with respect to C at any time studied. In contrast (A) IκBα as well as (B) EGFR increased in both stages, although to a lesser extent after two months of carcinogen-exposure than after one. α-tubulin was used as a loading control. Bars represent the mean ± standard error of the mean. n=4 for C groups and 7 for DF groups. \*P≤0.05 vs. corresponding C, and ^+^P≤0.05 vs. DF after one. C, control group; DF, N-dietilnitrosamine + FeNTA treated group; RDU, relative densitometric units vs. corresponding tubulin and with respect to the C group; EGFR, epidermal growth factor receptor.](ol-19-04-3153-g02){#f3-ol-0-0-11436}

![NF-κB activity analyzed by EMSA and EGFR mRNA levels determined by reverse transcription-PCR at early stages of FeNTA-induced renal carcinogenesis. Representative images of both determinations as well as corresponding histograms of densitometric analysis of all samples assayed are exhibited. (A) EMSAs were performed using nuclear extracts: Lane 1: Digoxigenin-labeled oligonucleotides without sample; lane 2: Sample without oligonucleotides; lane 3: Competition assay carried out using a 100-fold molar excess of unlabeled oligonucleotides; lane 4: Supershift assay performed utilizing an anti-p65 antibody. DF exposure induced an increase in NF-κB activity after one month, but it decreased after two months. (B) EGFR mRNA levels increased by a similar degree at both times of exposure. GAPDH was used as a loading control. Bars represent the mean ± standard error of the mean. n=4 for C groups and 7 for DF groups. \*P≤0.05 vs. corresponding C and ^+^P≤0.05 vs. DF after one month. C, control group; DF, N-dietilnitrosamine + FeNTA treated group; EMSA, electrophoretic mobility shift assay; RDU, relative densitometric units vs. GAPDH and with respect to the C group; NF-κB, nuclear factor kappa B; EGFR, epidermal growth factor receptor.](ol-19-04-3153-g03){#f4-ol-0-0-11436}

![Subcellular distribution of IκBα and EGFR at early stages of FeNTA-induced renal carcinogenesis. (A) Western blotting of renal cytoplasmic and nuclear cell fractions. Representative images and quantitative histograms of all samples assayed are shown. GAPDH and histone 3 were used as loading control for cytoplasmic and nuclear fractions, respectively. Central lane of western blot images corresponds to a HeLa cells\' sample (H) used as positive control in order to confirm the identity of the bands corresponding to the proteins of interest. IκBα and EGFR levels increased in both cell fractions at both studied times in DF groups. (B) Graphs of translocation calculated by dividing the nuclear fraction RDU by total (cytoplasmic + nuclear) RDU. No statistical changes were observed. (C) Immunohistochemistry representative images of each protein assessed confirming the results obtained by the western blot assays. Magnification, ×400. Bars represent the mean ± standard error of the mean. n=4 for C groups, and 5 for DF groups. \*P≤0.05 vs. corresponding C. C, Control groups; DF, N-dietilnitrosamine + FeNTA treated groups; RDU, relative densitometric units vs. corresponding loading control; EGFR, epidermal growth factor receptor; H, HeLa cells\' sample.](ol-19-04-3153-g04){#f5-ol-0-0-11436}

![Liver and lung p65, IκBα and EGFR protein levels at early stages of FeNTA-induced renal carcinogenesis. Western blotting representative images and quantitative histograms are shown. No changes were observed in the expression of any of these proteins in either the liver or the lung. Bars represent the mean ± standard error of the mean. n=4 for C groups, and 5 for DF groups. P\>0.05 vs. corresponding C. C, Control groups; DF, N-dietilnitrosamine + FeNTA treated groups; RDU, relative densitometric units; EGFR, epidermal growth factor receptor.](ol-19-04-3153-g05){#f6-ol-0-0-11436}
